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We are asking the PAC to assess the physics importance of 
our proposed program in light of upcoming measurements 

from the LHC and other experiments.



We are not asking for approval of this program or an 
assessment of the feasibility of executing it.



A Brief History…

The idea has been around for some time,

The call from the Steering Committee
for “near term experiments that can
be supported by an evolution
of the Fermilab accelerator complex”
caused the idea to gel.

The concept was endorsed by the 
Steering Committee:



As a next step we submitted an EOI in Autumn, 2007

Available at http://www-nusong.fnal.gov



From Nov. 2, 2007 PAC:
1. Clarify capabilities for Terascale physics, especially 
taking into account present and planned experiments.
2. How do you plan to measure ΔxF3?

From the Director:
1. What else can run in a future Tevatron fixed target 
program?



In response to the first question,  we have prepared a 
Physical Review D article, 
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This article presents the physics case for a new high-energy, ultra-high statistics neutrino scatter-
ing experiment, NuSOnG (Neutrino Scattering on Glass). This experiment uses a Tevatron-based
neutrino beam to obtain over an order of magnitude higher statistics than presently available for
the purely weak processes νµ + e− → νµ + e− and νµ + e− → νe + µ−. A sample of Deep In-
elastic Scattering events which is over two orders of magnitude larger than past samples will also
be obtained. As a result, NuSOnG will be unique among present and planned experiments for its
ability to probe neutrino couplings to Beyond the Standard Model physics. Many Beyond Standard
Model theories physics predict a rich hierarchy of TeV-scale new states that can correct neutrino
cross-sections, through modifications of Zνν couplings, tree-level exchanges of new particles such
as Z′s, or through loop-level oblique corrections to gauge boson propagators. These corrections are
generic in theories of extra dimensions, extended gauge symmetries, supersymmetry, and more. The
sensitivity of NuSOnG to this new physics extends beyond 5 TeV mass scales. This article reviews
these physics opportunities.

I. INTRODUCTION

Exploring for new physics at the “Terascale” – energy
scales of ∼ 1 TeV and beyond – is the highest priority
for particle physics. A new, high energy, high statistics
neutrino scattering experiment running at the Tevatron
at Fermi National Accelerator Laboratory can look be-
yond the Standard Model at Terascale energies by mak-
ing precision electroweak measurements, direct searches
for novel phenomena, and precision QCD studies. In this
article we limit the QCD discussion to those topics which
directly support the exploration of the Terascale; there
are additional QCD studies that may be done and these
will be covered in a future publication. The ideas devel-
oped in this article were proposed within the context of

an expression of interest for a new neutrino experiment,
NuSOnG (Neutrino Scattering On Glass) [1].

A unique and important measurement of the NuSOnG
physics program is the ratio of neutral current (NC) and
charged current (CC) neutrino-electron scattering, which
probes new physics. The leading order Feynman dia-
grams for these processes are shown in Fig. 1. The NC
process, νµ + e− → νµ + e−, called “elastic scattering”
or ES, provides the sensitivity to the Terascale physics.
This process can explore new physics signatures in the
neutrino sector which are not open to other, presently
planned experiments. The CC process, called “inverse
muon decay” or IMD, νµ + e− → νe + µ−, is well un-
derstood in the Standard Model due to precision mea-
surement of muon decay [2]. Since the data samples are
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Topic Contribution of NuSOnG Measurement

Oblique Corrections Four distinct and complementary probes of S and T .
In the case of agreement with LEP/SLD: ∼25% improvement in electroweak precision.

Neutrino-lepton NSIs Order of magnitude improvement in neutrino-electron effective couplings measurements.
Energy scale sensitivity up to ∼ 5 TeV at 95% CL.

Neutrino-quark NSIs Factor of two improvement in neutrino-quark effective coupling measurements.
Energy scale sensitivity up to ∼ 7 TeV at 95% CL.

Mixing with Neutrissimos 30% improvement on the e-family coupling in a global fit.
75% improvement on the µ-family coupling in a global fit.

Right-handed Couplings Complementary sensitivity to gR/gL compared to LEP.
Order of magnitude improvement compared to past experiments.

TABLE V: Summary of NuSOnG’s contribution to general Terascale physics studies.

For concreteness we will assume that NuSOnG will be
able to measure the neutrino ES/IMD ratio to a preci-
sion of 0.7%, σ(ν̄µe) (normalized as per Sec. III B) to
1.3%, and that NuSOnG will be able to halve the errors
on NuTeV’s measurement of DIS effective couplings, to
∆g2

L = 0.0007 and ∆g2
R = 0.0006 (where gL and gR were

defined in Eqs. (29) and (30)).
We first parameterize new physics using the oblique

parameters ST , which is appropriate when the impor-
tant effects of the new physics appear in vacuum polar-
izations of gauge bosons. We next assume new physics
effects manifest as higher-dimensional operators made of
SM fermion fields. We separately consider the possibil-
ity that the gauge couplings to neutrinos are modified.
Realistic models usually introduce several new operators
with relations among the coefficients; we consider several
examples. A summary of the contributions of NuSOnG
to the study of Terascale Physics is provided in Table V.

A. Oblique corrections

For models of new physics in which the dominant loop
corrections are vacuum polarization corrections to the
SU(2)L×U(1)Y gauge boson propagators (“oblique” cor-
rections), the STU [39, 40] parameterization provides a
convenient framework in which to describe the effects of
new physics on precision electroweak data. Differences
between the predictions of a new physics model and those
of a reference Standard Model (with a specified Higgs bo-
son and top quark mass) can be expressed as nonzero val-
ues of the oblique correction parameters S, T and U . T
and U are sensitive to new physics that violates isospin,
while S is sensitive to isospin-conserving physics. Pre-
dictions of a Standard Model with Higgs or top masses
different from the reference Standard Model may also be
subsumed into shifts in S and T (in many models U is
much smaller than S and T and is largely unaffected by
the Higgs mass, so it is often omitted in fits). Within a
specific model of new physics the shift on the ST plot
away from the SM will be calculable [41]. For example,

• A heavy Standard Model Higgs boson will make

a positive contribution to S and a larger negative
contribution to T .

• Within the space of Z ′ models, a shift in almost
any direction in ST space is possible, with larger
shifts for smaller Z ′ masses.

• Models with a fourth-generation of fermions will
shift S positive, and will shift T positive if there
are violations of isospin.

In constructing models incorporating several types of new
physics the corresponding shifts to S and T combine; if
contributions from different sectors are large, then they
must conspire to cancel.

FIG. 8: The impact of NuSOnG on the limits of S and T .
The reference SM is mt = 170.9 GeV, and mH = 115 GeV.
1σ bands due to NuSOnG observables are shown against the
90% contour from LEP/SLD. The central ellipses are the 68%
and 90% confidence limit contours with NuSOnG included.
See Eqs. (29) and (30) for the definitions of gL and gR.

The constraints on S and T from the full set of preci-
sion electroweak data strongly restrict the models of new
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FIG. 11: Precision with which the right-handed neutrino–Z-boson coupling can be determined by combining NuSOnG mea-
surements of gν

L with the indirect determination of the invisible Z-boson width at LEP if (left) the ν+e scattering measurement
is consistent with the Standard Model prediction gν

L = 0.5 and (right) the ν + e scattering measurement is significantly lower,
gν

L = 0.485, but still in agreement with the CHARM II measurement(at the one sigma level). Contours (black, red) are one
and two sigma, respectively. The star indicates the Standard Model expectation.

electron to the Z. The CHARM II result translates into
|gν

L| = 0.502 ± 0.017 [49], assuming that the charged-
current weak interactions produce only left-handed neu-
trinos. In spite of the good precision of the CHARM II
result (around 3.5%), a combination of all available data
allows |gν

R/gν
L| ∼ 0.4 at the two σ confidence level [49].

Significant improvement in our understanding of gν
R

can only be obtained with more precise measurements of
ν+e scattering, or with the advent of a new high intensity
e+e− collider, such as the ILC. By combining ILC run-
ning at the Z-boson pole mass and at

√
s = 170 GeV,

|gν
R/gν

L| ! 0.3 could be constrained at the two σ level
after analyzing e+e− → γ+missing energy events [49].

Assuming that gν
L can be measured with 0.7% uncer-

tainty, Fig. 11 depicts an estimate of how precisely gν
R

could be constrained once NuSOnG “data” is combined
with LEP data. Fig. 11(left) considers the hypothesis
that the Standard Model expectations are correct. In
this case, NuSOnG data would reveal that gR/gL is less
than 0.2 at the two sigma level. On the other hand,
if gR/gL = 0.25 – in good agreement with the current
CHARM II and LEP data – NuSOnG data should reveal
that gR $= 0 at more than the two sigma level, as depicted
in Fig. 11(right).

The capability of performing this measurement in
other experiments has been examined. The NuSOnG
measurement compares favorably, and complements, the
ILC capabilities estimated in [49]. Ref [51] studied mea-
surements using other neutrino beams, including reactor
fluxes and beta beams. NuSOnG’s reach is equivalent to
or exceeds the most optimistic estimates for these various
neutrino sources.

V. SPECIFIC THEORETICAL MODELS AND
EXPERIMENTAL SCENARIOS

If NuSOnG’s measurements agree with the SM within
errors, we will place stringent constraints on new physics
models; if they disagree, it will be a signal for new
physics. In the latter case the availability of both DIS
and ES channels will improve our ability to discriminate
among new physics candidates. NuSOnG will also pro-
vide an important complement to the LHC. The LHC
will provide detailed information about the spectrum of
new states directly produced. However, measurements of
the widths of these new states will provide only limited
information about their couplings. NuSOnG will probe
in multiple ways the couplings of these new states to neu-
trinos and to other SM particles.

In this section we provide several case studies of
NuSOnG sensitivity to specific models of new physics.
These include several typical Z ′models, leptoquark mod-
els, models of R-parity violating supersymmetry, and
models with extended Higgs sectors. We examine how
these will affect νµe ES and νµN DIS at tree-level. Our
list is far from exhaustive but serves to illustrate the pos-
sibilities. We summarize our contributions in Table V.

The opposite way to approach this problem is to ask:
in the face of evidence for new Terascale Physics, how
can we differentiate between specific models? NuSOnG
has the potential to discover new physics through indi-
rect probes, in the event that one or more of its mea-
surements definitively contradicts SM predictions. We
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U(1)B−xL U(1)q+xu U(1)10+x5̄ U(1)d−xu

νµL, eL −x −1 x/3 (−1 + x)/3
eR −x −(2 + x)/3 −1/3 x/3

TABLE VII: Charges of νµL, eL, eR under 4 phenomenolog-
ically viable classes of U(1)′ symmetries. Each value of x
corresponds to a different U(1)′ symmetry that is considered.
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FIG. 13: 95% confidence level sensitivity of NuSOnG to the
indicated Z′ models. The charges of the electrons and neutri-
nos under the underlying U(1)′ gauge symmetry are described
in Table VA1. The bounds are plotted as functions of the
parameter x, which scans over allowed fermion charges for
each family of U(1)′ symmetries, versus the ratio Mz′/gZ′ .

by NuSOnG at the TeV scale [54–58]. Among these,
B − 3Lµ was suggested as a possible explanation for the
NuTeV anomaly [59, 60], however, we show here that this
is not the case. Nevertheless, it remains an interesting
example to consider.

In the gauged B − 3Lµ the Z ′ modifies νµN DIS. The
exchange of the Z ′ between the νµ and the quarks induces
operators with coefficients

εuL
µµ = εuR

µµ = εdL
µµ = εdR

µµ

= − 1
2
√

2GF

g2
Z′

M2
Z′
≡ εB−3Lµ . (58)

which shift g2
L and g2

R by

∆g2
L = ∆g2

R = −2s2

3
εB−3Lµ . (59)

It should be noted that since εB−3Lµ is negative, this
shows that both g2

L and g2
R will be shifted positive. This,

in fact, excludes gauged B − 3Lµ as an explanation of
the NuTeV anomaly. With this said, a NuSOnG mea-
surement of g2

L and g2
R that improves on NuTeV errors

by a factor of 2 yields a 2σ bound

MZ′

gZ′
> 2.2 TeV . (60)

which is comparable and complementary to the existing
bound from D0, and thus interesting to consider.

2. Models with extended Higgs sectors

In the Zee [61] and Babu-Zee [62] models, an isosinglet
scalar h+ with hypercharge Y = +1 is introduced, which
couples to left-handed lepton doublets $ as

Lh = λab

(
$c
aL iσ2 $bL

)
h+ + h.c. , (61)

where (ab) are flavor indices: a, b = e, µ, τ . The exchange
of a charged Higgs induces the effective operator from
Eq. (36) which with coefficient

εeL
µµ = − 1√

2GF

|λeµ|2

M2
h

, εeR
µµ = 0 . (62)

From Eq. (42), the 95% bound is:

Mh

|λeµ|
> 5.2 TeV, . (63)

competitive with current bound from τ -decay of 5.4 TeV.

3. R-parity violating SUSY

Assuming the particle content of the Minimal Super-
symmetric Standard Model (MSSM), the most general R-
parity violating superpotential (involving only tri-linear
couplings) has the form [63]

W #R =
1
2
λijkL̂iL̂jÊk + λ′ijkL̂iQ̂jD̂k +

1
2
λ′′ijkÛiD̂jD̂k ,

(64)
where L̂i, Êi, Q̂i, D̂i, and Ûi are the left-handed MSSM
superfields defined in the usual fashion, and the sub-
scripts i, j, k = 1, 2, 3 are the generation indices. SU(2)L

gauge invariance requires the couplings λijk to be anti-
symmetric in the first two indices:

λijk = −λjik , (65)

The purely baryonic operator ÛiD̂jD̂k is irrelevant to
neutrino scattering, so only the 9 λijk and 27 λ′ijk cou-
plings are of interest.

From the L̂L̂Ê part of the Eq. (64) slepton exchange
will contribute to νµe ES at NuSOnG. These induce four-
fermion operators appearing in Eq. (36) with correspond-
ing coefficients

εeL
µµ = − 1

4
√

2GF

3∑

k=1

|λ21k|2

M2
ẽkR

,
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FIG. 14: Shifts in g2
L and g2

R due to leptoquarks. Horizontal
lines indicate the projected 1σ limits of NuSOnG.
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FIG. 15: NuSOnG expectation in the case of a Tev-scale
triplet leptoquark. For clarity, this plot and the two follow-
ing cases, show the expectation from only the two highest
precision measurements from NuSOnG: g2

L and ν ES.

a leptoquark-induced shift could provide an explanation
for the NuTeV anomaly [60, 67, 76]. In this scenario,
NuSOnG would find that isospin and the strange sea can
be constrained to the point that they do not provide an
explanation for the NuTeV anomaly, thus the NuTeV
anomaly is the result of new physics. The NuSOnG PW
measurement of sin 2θW will agree with NuTeV; g2

R and
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FIG. 16: NuSOnG expectation if the NuTeV anomaly is due
to isospin violation and there is a heavy 4th generation with
isospin violation.
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FIG. 17: If LHC sees a Standard Model Higgs and no ev-
idence of new physics, NuSOnG may reveal new physics in
the neutrino sector.

the νe and νe elastic scattering measurements will agree
with LEP. Fig. 15 illustrates this example. NuSOnG’s
measurement of g2

L would provide a sensitive measure-
ment of the leptoquark couplings when combined with
the LHC mass measurements as inputs.

A second example is the existence of a fourth genera-
tion family. A fourth family with non-degenerate masses
(i.e. isospin violating) is allowed within the LEP/SLD
constraints [78]. As a model, we choose a fourth fam-
ily with mass splitting on the order of ∼ 75 GeV and
a 300 GeV Higgs. This is consistent with LEP at 1σ
and perfectly consistent with MW , describing the point
(0.2,0.19) on the ST plot. In this scenario, LHC will mea-
sure the Higgs mass from the highly enhanced H → ZZ
decay. An array of exotic decays which will be difficult to
fully reconstruct, such as production of 6 W’s and 2 b’s,
will be observed at low rates. In this scenario, isospin
violation explains the NuTeV anomaly, thus the NuTeV
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It is notable that the overall pattern of deviations
shown in Fig. 18 are, in general, similar to that seen in
charged lepton DIS [88]. However, the deviations from
unity are perhaps smaller. At high x, the effect of Fermi
smearing is clear. At moderate x the EMC effect is ob-
servable. It is interesting to note that there is no clear
indication of the turnover at low x which is observed in
charged lepton scattering, called shadowing. This may
be due to kinematic limits of the measurements, which
NuSOnG can extend.

Also, note the striking similarity between the ν and ν
results. This appears to imply that the differences in the
nuclear effects between neutrino and antineutrino DIS is
small. As discussed later, when we consider ∆xF3 and
isospin violation, it is crucial to model differences in the
nuclear effects between ν and ν̄ scattering as a function
of x. Such effects can be constrained by the comparison
of the F ν

2 and F ν̄
2 data and will be implicitly included in

PDF fits which are done to the neutrino and antineutrino
data separately.

While the general description fits the data, the results
are not in sufficient agreement for the stringent require-
ments of a 0.4% measurement of sin2 θW [87]. Instead,
NuSOnG will measure the parton distributions on glass
to high precision. Nuclear effects are thereby directly in-
corporated into the model, without any external inputs.
Looking beyond the electroweak results, these measure-
ments will be quite interesting for addressing the issues
with nuclear effects raised by Fig. 18.

C. Measurement of the Strange Sea

Charged current neutrino-induced charm production,
(ν/ν̄)N → µ+µ−X, proceeds primarily through the sub-
processes W+s → c and W−s̄ → c̄ (respectively), so
this provides a unique mechanism to directly probe the
s(x) and s̄(x) distributions. Approximately 10% of the
time the charmed particles decay into µ + X, adding a
second oppositely signed muon to the CC event’s final
state. These “dimuon” events are easily distinguishable,
and make up approximately 1% of the total CC event
sample. Hence, the recent high-statistics dimuon mea-
surements [90–94] play an essential role in constraining
the strange and anti-strange components of the proton.
On NuSOnG, the dimuon data will be used in the same
manner.

Distinguishing the difference between the s(x) and s̄(x)
distributions,

xs−(x) ≡ xs(x)− xs(x), (80)

is necessary for the PW style analysis. This analysis is
sensitive to the integrated strange sea asymmetry,

S− ≡
∫ 1

0
s−(x)dx, (81)

through its effect on the denominator of the PW ratio, as
has been recognized in numerous references [60, 95–98]).
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FIG. 19: NuTeV measurement of xs−(x) vs x at Q2 = 16
GeV2. Outer band is combined errors, inner band is without
Bc uncertainty.

The highest precision study of s− to date is from the
NuTeV experiment [32]. The sign selected beam allowed
measurement of the strange and anti-strange seas in-
dependently, recording 5163 neutrino-induced dimuons,
and 1380 antineutrino-induced dimuon events in its iron
target. Figure 19 shows the fit for asymmetry between
the strange and anti-strange seas in the NuTeV data.

FIG. 20: World measurements of Bc. See refs. [99] through
[104].

The integrated strange sea asymmetry from NuTeV

6

FIG. 5: Kinematic distributions for IMD events from incident neutrino energy between 100 and 200 GeV. Left: y distribution;
right: θµ distribution. Black: distribution of events before cuts; Red: distribution after cuts for analysis method 1 (see
Sec. III D).

the number of events in neutrino-electron elastic scatter-
ing to inverse muon decay:

N(νµe− → νµe−)
N(νµe− → µ−νe)

=
σνe

NC × Φν

σIMD × Φν
. (16)

Because the cross section for IMD events is well deter-
mined by the Standard Model, this ratio should have low
errors and will isolate the EW parameters from NC scat-
tering. In the discussion below, we will assume that the
systematic error on this ratio is 0.5%.

In the case of ν̄µ data, the absolute normalization
is more complex because there is no equivalent process
to inverse muon decay (since there are no positrons in
the detector). One can use the fact that, for low ex-
change energy (or “nu”) in Deep Inelastic Scattering,
the cross sections in neutrino and antineutrino scatter-
ing approach the same constant, A [12]. This is called
the “low nu method” of flux extractions. For DIS events
with low energy transfer and hence low hadronic en-
ergy (5 ! Ehad ! 10 GeV), N low Ehad

νDIS = ΦνA and
N low Ehad

ν̄DIS = Φν̄A. The result is that the electroweak
parameters can be extracted using the ratio

N low Ehad
νDIS

N low Ehad
ν̄DIS

× N(ν̄µe− → ν̄µe−)
N(νµe− → µ−νe)

=
Φν

Φν̄
× σν̄e

NC × Φν̄

σIMD × Φν
.

(17)
The first ratio cancels the DIS cross section, leaving the
energy-integrated ν to ν̄ flux ratio. The IMD events in
the denominator of the second term cancel the integrated
ν flux. The NC elastic events cancel the integrated ν̄ flux.

Because of the added layer of complexity, the antineu-
trino ES measurement would have a higher systematic
error than the neutrino ES scattering measurement. The
potentially higher error is one factor leading to the plan
that NuSOnG concentrate on neutrino running for the
ES studies.

As shown in Fig. 2, IMD events have a kinematic
threshold at 10.9 GeV. These events also have other in-

teresting kinematic properties. The minimum energy of
the outgoing muon in the lab frame is given by

Emin
µ lab =

m2
µ + m2

e

2me
= 10.9 GeV. (18)

In the detector described above, muons of this energy
and higher will reach the toroid spectrometer without
ranging-out in the glass. An interesting consequence is
that, independent of Eν , the energy transfer in the inter-
action has a maximum value of

ymax = 1− 10.9 GeV
Eν

. (19)

Thus at low Eν , the cutoff in y is less than unity, as
shown in Fig. 5 (left). The direct consequence of this is
a strong cutoff in angle of the outgoing muon, shown in
Fig. 5 (right). In principle, one can reconstruct the full
neutrino energy in these events:

EIMD
ν =

1
2

2meEµ −m2
e −m2

µ

me − Eµ + pµ cos θµ
(20)

This formula depends on θµ, which is small. The recon-
structed Eν is smeared by resolution effects as seen in
Fig. 6. While the analysis can be done by summing over
all energies, these distributions indicate that an energy
binned analysis may be possible. This is more powerful
because one can fit for the energy dependence of back-
grounds. For the illustrative analyzes below, however, we
do not employ this technique.

The error on sin2 θW extracted from this ratio,
RES/IMD, assuming a Standard Model value for ρ, is
the same as the error on the ratio:

δ(sin2θW )
sin2θW

≈
δRES/IMD

RES/IMD
. (21)

Ref. [13] provides a useful summary of radiative cor-
rections for the ES and IMD processes, which were orig-
inally calculated in Ref. [14]. The error from radiative

This has been submitted to PRD.



Today, Janet will address the first question.

We are planning a second publication on the impact on 
QCD of NuSOnG.

Since Nov. 2, we have also
1. Nearly completed a full GEANT4 simulation of the 
experiment.
2. Made considerable progress fleshing out the method for 
calibrating the neutrino beam flux using inverse muon 
decay
3. Developed a much better understanding of the beam 
spatial profile and energy spectrum.

We will prepare a Letter of Intent for a subsequent PAC.



Our detector design draws on the heritage of FMMF, 
CDHS, CHARM and CCFR/NuTeV.  
NuSOnG combines and advances the best ideas of these 
experiments:
1.High granularity, Xo/4
2.Simple, robust, design
3. Large mass (3 kt, 6 times CHARM II), isoscalar target
4.Modularity: active elements could be fabricated at 
universities for assembly at Fermilab
5.Low risk: well known elements that can be engineered 
for cost
6.High energy, pure beam (20 times NuTeV): 

neutrinos: 1.5e20 POT over 5 years
anti-neutrinos: 0.5e20 POT



NuSOnG will study the reactions

with better than 1% precision

νµ + e− → νµ + e−

νµ + e− → νµ + e−

νµ + q → νµ + X

νµ + q → νµ + X



Why do we need a Tev-based beam?

!µ

e-

W

!e

µ-

Want flux above ~ 30 GeV

Need no flux below!

Tev-based beam gives high energy flux,

The strong cutoff at low energy is due

to the energy-angle correlation in " decay



Very high statistics!

A unique opportunity for these channels!

!µ

e-

Z

!µ

e-

!µ

e-

W

!e

µ-



Purely leptonic

!µ

e-

Z
!µ

e-

!µ

e-

W

!e

µ-

NuTeV-style

“Paschos-Wolfenstein”

!µ

q

Z
!µ

q

"!µ

q

Z
"!µ

q

!µ

q

W

q’

µ- "!µ

q

W

q’

µ+

#

#

New!
NuSOnG will work with ratios….

Expected errors

0.7% conservative,    0.4% conservative

0.4% best case    0.2% best case

Our case is based on the conservative estimates



The Terascale Physics Case for NuSOnG



At the energies  ~1 TeV,
we expect rich new phenomena to appear.

But since this is terra incognita,
We are faced with the conundrum…

>



The Standard ModelThe Standard Model

The Terascale

R
S
U
S
Y

Which monster shall we discuss?

Leptoquark
Z’B-L Z’q-xu

Neutrissimo

model



Following the structure of our paper:

1) Reach within general classes of New Physics

2) Reach within specific models and scenarios

What we show:
There are cases where we have overlapping reach with LHC

or other experiments
There are cases where our reach is unique.

We provide valuable information beyond
the present program in both cases



From our paper:

5 general classes of new physics searches…

… “generic ways” that new physics might show up

Oblique Corrections
Neutrino-lepton NSIs
Neutrino-quark NSIs

Nonuniversal couplings
Right-handed coupling to the Z

(Table V of paper)



Take sin2 θW and ρ  and map them to
    S = weak isospin conserving
    T = weak isospin violating

S

T
extra 
families

extra Z’s

mt=172 GeV,
mH=115 GeV.

Heavier Higgs

very roughly:

New physics through oblique corrections



νµ

q
Z

νµ

q

νµ

e-
Z

νµ

e-

Consider four 
NuSOnG
measurements:
 

The  σ(ν,e) and gL
2

measurements 
are the strongest
with the initial
run-plan



Present 
status

If NuSOnG
agrees with
the SM

NuSOnG 
improves 
the result 
by ~25%



But of course the more interesting case is…
disagreement with SM!

A “realistic” possibility:  
NuSOnG agrees with NuTeV

a 6σ deviation from the SM
    in gL

2 only 

(This particular case, where all other measurements agree with the SM,  
is a triplet Leptoquark)



Non-standard interactions (NSIs):

Neutrino-lepton NSI νµ

e-
ν?

e-

New physics is characterized by 
• The mass scale of the new physics  (Λ)
• The probability of left vs. right-handed coupling to the e,

described by a mixing angle  (cos θ) 
• The flavor of the outgoing neutrino (“α” flavor)

i.e. “pseudo-elastic” neutrino scattering

First, the purely leptonic case:

Look for this new physics via:
• change cross section
• angular dependence of outgoing electron



NSI reach for neutrino-lepton scattering νµ

e-
ν?

e-

mass 
scale

outgoing
flavor

Relative mixture 
of handedness

95% CL sensitivity

if α = muon flavor
~4.5 TeV

Λ

θ

if α ≠ muon flavor
~1.25 TeV



Λ

θ

But we might see a signal!

Assume Λ=3.5 TeV,  θ =2π/3, α=µ… 
this is the 2σ contour from NuSOnG

Assume Λ=1 TeV,  θ =4π/3, α≠µ… 
these are the 2σ contours from NuSOnG



What about neutrino-quark NSI’s ? νµ

q
νµ

q

We consider only the flavor conserving case, α=µ

There is a characteristic mass scale Λ
Sensitivity ranges from ~ 3 to 7 TeV 

coupling: NuSOnG factor 
improvement 

×2
×2
×1.75
×1.83

present
constraint

uL
dL
uR
dR

<0.001
<0.0008
<0.002
<0.004



Non-universal couplings  &  signs of a generic “neutrissimo”

defining…

The CC coupling is 
modified by:

The NC coupling is 
modified by

NuSOnG improves constraints by ~ 30 to 75%

with 
NuSOnG

present



Conclusions on the general discussion 
of NuSOnG’s Terascale reach…

• Mass reach:    1 to 7 TeV 
• Unique information on the couplings
• Many ways to probe for new physics with high sensitivity. 

Onward to some
specific models!

We have been conservative in our assumed sensitivity.
It is likely that we can do better than this.



NuSOnG in  the Context of  Specific “Typical” Models

Again, typical mass reach is 
1 to 5 TeV,

depending on the model

Choose two examples…



Four examples of types of couplings…

Reach extends to many TeV,
depending on the U(1)’ symmetry.

}
20% to 40% 
improvements
on LLE

}
Factors of 3 to 5 
improvement!
on LQD

Heavy Z’ Models

R-parity Violating SUSY



Through NuSOnG’s measurements, 
we can help identify the new physics

But by the time NuSOnG runs,
chances are something new will have been seen…

One Example Scenario:
A Chiral 4th Generation Family

(Four Generations and Higgs Physics, hep-ph/0706.3718
G. D. Kribs, Y. Plehn, M. Spannowsky, T.M.P. Tait)



LHC:

• Highly enhanced H →ZZ  
• The Higgs mass, 

lets say 300 GeV
• complex decay modes 

(e.g. 6W’s and 2 b’s)

• Measure mass of  new quarks
•  Observe new charged leptons 

(off mass shell Drell-Yan produced)
•  Reconstruct the decay modes fully 

And what it doesn’t…

NuSOnG:

       A Chiral 4th generation (ΔS=0.2)
with isospin violation (ΔT=0.2)

QCD explanation for NuTeV is found, 
allowing NuTeV to be corrected

NuTeV &
NuSOnG
Converge

(0.2,0.2)

Pick your favorite LHC BSM model, I’ll show how we help…



The Terascale Program and 
Other NuSOnG Physics Goals



Precision 
Electroweak

Measurements

QCD 
Studies

Direct
Searches

NuSOnG has a rich physics program, with interlinked parts

The Terascale Goals provide nice examples
of how all these parts work together to lead to discovery…



Importance of the 
QCD measurements 
to the Terascale Studies

Precision 
Electroweak

Measurements

QCD 
Studies NuTeV-style

“Paschos-Wolfenstein”

νµ

q
Z

νµ

q

νµ

q
Z

νµ

q

νµ

q
W

q’

µ- νµ

q
W

q’

µ+

−

−

This requires a set of self-consistent 
Structure Functions measured on 

the target material.



νµ

q
W

q’

µ- νµ

q
W

q’

µ+
−

The question…

 Is this: being modeled 
correctly?

NuTeV measures the parton distributions on iron,
with these assumptions:

1. F2
ν = F2 ν

2. RL from charged lepton scattering applies to ν and ν

Our goal on NuSOnG:
A global fit to F2

ν, F2 ν, xF3
ν, xF3 ν , RL

ν, RLν

(Technique was developed by CCFR student C. McNulty,
                which was limited by statistics.)

We are investigating
           our capability



In the meantime, the paper describes:

1. The issues
2. The plan for the global fit
3. A discussion of outside constraints on isospin violation
4. A discussion of the strange sea measurement.



Precision 
Electroweak

Measurements

Direct
Searches

Value of the additional
direct searches
to the Terascale Studies

An example:
Neutrissimos.

Say we observe…
both gL

2 and σ(νe) are offset

This is a signal consistent with
modified εµ

i.e. nonuniversal couplings.



Non-universal couplings may be due to 
mixing with  an ~100 GeV  neutrissimo.

This neutrissimo may be very hard to see at LHC 
due to low production rates. 

  But,  

nonuniversal couplings manifest as non-unitarity
in the three neutrino mixing matrix

& the heavy neutrissimo may have a lighter partner
that can be produced in meson decays

NuSOnG can search for both effects!



L/E dependent Not!

Appearance has same effect!

At L=0 there will be an instantaneous transition
between neutrino species!

Nonunitarity of the 3 neutrino mixing matrix
hep-ph/0705.0107



look for 
excess νe
events here!

To see instantaneous νµ→ νe
look for an increase 
in νe rate at Eν~350 GeV

• Look for excess νe’s in a range not expected

• Look for “wrong sign” IMD

νµ+e− →  µ−+νe    -- this should not occur!
      But if  νµ → νe , then νe+e− →  µ−+νµ     … same signature!

Seeing both
would be a
striking 
signature!

Unique

Capabilit
y!



N

Vertex 
in helium

Also a direct search:
Filling the 15 m region between subdetectors with helium
and looking for neutrissimo decays…

N →µµν
        eeν
        µπ… etc.

These are produced 
through mixing 
in meson decays:

meson xν
N

chgd
lepton

Because of the Tev-based 
beam, NuSOnG search for
production in B-decay…  i.e. up to ~ 5 GeV!



This is one example of how, by putting all of the pieces together,
we could decisively discover new Terascale physics

QCD 
Studies

Direct
Searches

Neutrissimo

Precision 
Electroweak

Measurements



Conclusions

The purpose of this talk has been to clarify/expand upon
the Terascale physics reach of NuSOnG

Our approach has been to write a PRD which is on the arXiv.
This paper considers broad classes of models & specific examples

• The mass reach is ~ 5 TeV for many examples.
• Some measurements are competitive with the best limits.
• Many measurements improve substantially on the present limits.
• Certain topics -- especially neutrino couplings -- are unique.
• The entire program coordinates to allow discovery.



Next steps:

Fermilab Wine & Cheese,  May 9, André de Gouvêa

NuSOnG: Looking for Heavy and Light New Physics  
                 In High-Energy Neutrino Scattering

and…Neutrino08,  PPC, DIS, NuFact, Pheno, APS (our two grad students),
CERN, Cornell, Columbia, SLAC, Fermilab Beams Divisions… etc.

1) Talks at many venues:

2) Write a paper on the QCD physics case
This will answer PAC question #2

3) Develop an LOI 
    which examines physics-return for various design options



Back-up Slides



Answer to Pier Oddone’s Question:

….is there anything else that you can think of that 
could be run along NuSOnG…? 



The 800 GeV Neutrino Program can provide two beams…

Beam 1:  A NuTeV-style Flux (used by NuSOnG)

Uniquely high energy, and low background,
produced using a sign-selected quad-train



Beam 2:   A DoNuT (Discovery of the Nu Tau)-style Flux

A beam dump flux:
Uniquely enriched
in ντ‘s which are above 
threshold for CCQE

A Tev-based program is the only source of
High purity νµ beams at high energies
Enriched ντ beams at high energies



5 × 1019   POT/year

5× the number of protons 
per fill,

1.5 ×  faster cycle time
66% uptime per year

The goals were set in 
consultation with the 
Tevatron department 
to be ambitious but not
outrageous.

Two useful publicly-available memos:
http://beamdocs.fnal.gov/AD-public/DocDB/ShowDocument?docid=2222
http://beamdocs.fnal.gov/AD-public/DocDB/ShowDocument?docid=2849



A suite of interesting experiments:

• NuSOnG
• A small ντ experiment to obtain ×100 DoNuT statistics
• A large (~5kt) magnetized LAr detector for 1E6 ντ events

and neutrino factory measurements
• A small dedicated search for neutrissimos (moderately-heavy 

neutral heavy leptons)
• A high resolution neutrino scattering experiment to study charm

and QCD (HiResMuNu)
 

None of these experiments can be done anywhere else.
This program is unique to Fermilab.



This is not a long term solution to Fermilab’s  Future.

But it is a nice bridge program to the future with
• interesting and substantial physics output
• potential to support many users
• capability to further important detector R&D goals

“near term experiments that can be supported by an evolution
of the Fermilab accelerator complex”

These are…



More NuSOnG Physics, described in paper,
already presented at autumn, 2007, PAC meeting



Present 

NuSOnG

νµ

e-
Z

νµ

e-

In the case of agreement…      and disagreement…. with SM

A unique 

probe of 

new physics

Probing right handed couplings of the neutrino to the Z



LHC sees a standard model Higgs and no signs of new physics 

The “God-forbid” Scenario

There is new physics in the neutrino sector!

But if NuSOnG sees this…



“Standard Model”?

NuTeV: νq scattering (“PW”)
is 3σ off SM…

New Physics,
e.g. nonuniversality?

or

no model 
fully explains it…

up ≠dn

An updated NuTeV analysis
will be available spring/summer



New in this talk…
     Extra info.



How do you choose which Heavy Z’ Models?

Useful papers defining “the standard cases”…
Z-prime Gauge Bosons at the Tevatron, hep-ph/0408098
Marcela Carena, Alejandro Daleo, Bogdan A. Dobrescu, Tim M.P. Tait

The Physics of Heavy Z' Gauge Bosons, hep-ph/0801.1345
Paul Langacker



The sensitivity to this term comes from interference
between this diagram…        and this diagram….

νµ

e-
ν?

e-
νµ

e-
Z

νµ

e-

You will have a larger interference term 
if the final state is identical (α=µ) 

compared to not (α≠ µ) 

Why is the mass-scale sensitivity lower for
α≠ µ compared to α=µ ?

The larger the interference, the higher the sensitivity!



Fitting for nonuniversal couplings:

One fits to S,T  and the couplings, simultaneously:

Present status                            With NuSOnG



Why can’t this be done on a MI line
(NuMI or DUSEL)?



νµ

e-
W

νe

µ-

Problem 1:  Statistics.
Even in the best Project X scenarios 5-10 year runs

yield about 15-20k event before cuts.

Problem 2:  Normalization

IMD Normalization
is not possible

You must use 
the νe/ νe ratio,
but fluxes don’t 
perfectly cancel.
<1% error will be very hard! 

KL has a 
substantial 
error.   

ν ν



Problem 3:  νe/νe ratio cancels ρ -- which removes access
to a lot of the BSM physics
we want to investigate!

νµ

e-

νµ

e-

νµ

e-

νµ

e-

You get a lot less physics 
for a much more difficult 
experimental program.




